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A strain of Beggiatoa cf. leptomitiformis (OH-75-B, clone 2a) was isolated
which is unique among reported strains in its ability to deposit internal sulfur
granules from thiosulfate. It also deposited these characteristic granules (as all
Beggiatoa species do) from sulfide. In cultures where growth was limited by
exhaustion of organic substrates, these granules generally comprised about 20%
of the total cell weight. With medium containing acetate and thiosulfate, no
measurable utilization of thiosulfate or deposition of elemental sulfur (S°) took
place until after the exponential growth phase. Neither sulfide nor thiosulfate
added an increment to heterotroophic growth yield except for the weight of the
deposited S°. The deposition of S° from thiosulfate was probably a disproportion-
ation in which S° and sulfate were produced in a 1:1 ratio. Some of the S° was
further oxidized to sulfate. No autotrophic or mixotrophic growth was demon-
strated for this strain. When inoculated in small, well-dispersed quantities into
yeast extract medium, this strain grew only after long lags. Addition of the enzyme
catalase eliminated initial lags and increased growth rates slightly. In contrast,
catalase had no influence on growth rate when added to mineral medium con-
taining acetate. In yeast extract medium, the inhibition of growth rate was
presumably because of peroxides. Addition of thiosulfate was almost as effective
as catalase in eliminating this inhibition. The S° granules which, in this case, were
deposited during the exponential growth phase, appeared to be partly responsible
for this relief. This strain of Beggiatoa sp. remained active for at least 5 days
under strictly anaerobic conditions, and under those conditions, it increased its
dry weight by about 2.5-fold. Anaerobic “growth” and maintenance required the
presence of an energy source, such as acetate. When cells containing much
internal S° were transferred to an organic anaerobic medium, a substantial portion

of the internal S° was eventually converted to sulfide.

Probably the most striking feature of the ge-
nus Beggiatoa is its ability to deposit granules
of elemental sulfur (S°). This deposition of sulfur
granules in the presence of a source of H,S is
the only taxonomic feature which separates the
genus Beggiatoa from Vitreoscilla (18). These
granules are deposited between the cell wall and
the cell membrane within invaginations of that
membrane (33). They will be referred to as in-
ternal S° granules in this paper, to distinguish
them from external granules of S°, which are
sometimes found completely free, especially in
old cultures. What benefit Beggiatoa species
obtain from the deposition, and possible subse-
quent oxidation, of internal S° granules has been
the subject of much inquiry and controversy.

Winogradsky (36, 37) believed that oxidation
of sulfide to sulfate, via this S® intermediate, was
the source of both energy and reductant in Beg-
giatoa species. In fact, the general concept of
chemoautotrophy, which has since then been
verified for other bacterial types (22), stems from

this pioneering work with Beggiatoa species.
However, Winogradsky’s experimental cultures
of Beggiatoa species were enrichment cultures,
and the medium that he used was based on
natural spring water which contained traces of
organic material. His studies, though suggestive
of autotrophic metabolism for Beggiatoa spe-
cies, by no means confirmed the matter. A sig-
nificant number of more recent studies have
searched in vain for autotrophy among a wide
variety of strains of Beggiatoa species (5, 8, 26-
28, 33).

Keil (14) reported autotrophic growth of Beg-
giatoa sp. in pure cultures under a restricted
range of environmental conditions. His cultures
grew in inorganic liquid medium under reduced
partial pressures of oxygen and narrow ranges of
CO: and H,S and only with ammonium (not
nitrate) as a source of nitrogen.

More recently, Pringsheim deemed it neces-
sary to repeat the work of his student, Keil.
Kowallik and Pringsheim (16) designed and used
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a liquid culture vessel which allowed generation
of opposed vertical concentration gradients of
oxygen and sulfide. Utilizing inorganic medium
containing this unknown range of sulfide/oxygen
ratios, they submitted the only report of auto-
trophy for Beggiatoa sp. within the last 50 years.
There are several problems with their claim.
Their definition of autotrophic growth consisted
of a nonquantitative determination of growth
through two transfers in inorganic, sulfide-con-
taining medium. The inoculum was from a het-
erotrophic source culture, and there were appar-
ently no controls lacking sulfide. Pringsheim
later retracted the claim of autotrophy for Beg-
glatoa sp. (26, 27).

In heterotrophically grown cultures e:
to H,S, Burton and Morita (5) observed S° dep-
osition within 15 to 20 min, and Winogradsky
(37) saw deposition within even a shorter time.
Because of the rapidity of the appearance of S°
granules, it has been argued that Beggiatoa sp.
does not derive useful energy from this initial
oxidation of sulfide (5). This would represent a
loss of about one-fourth of the energy available
from the oxidation of sulfide to sulfate.

Whether the internal S° granules of Beggiatoa
sp. are further oxidized to sulfate was not clearly
proven in previous studies. There are reports of
S° disappearing slowly from filaments when the
source of sulfide was removed (36, 37). However,
if these filaments were continuing to grow on
organic substances, the “disappearance” of S°
could simply reflect dilution of the density of
existing granules by growth rather than their
oxidation. Pringsheim (26) claimed to have
shown sulfate production from Beggiatoa cul-
tures grown in sulfate-free medium when they
were supplied with sulfide. However, because of
the culture conditions employed, his test for
sulfate production was equivocal.

The oxidation of sulfide to S° and eventually
to sulfate has also been proposed as the basis of
a mixotrophic metabolism in Beggiatoa sp. (26).
The postulated effect of the inorganic oxidation
in this case is to supply the cells with energy,
and organic carbon compounds are presumed to
be necessary as precursors of at least some cell
components. The evidence in support of mixo-
trophy is varied and nonquantitative (8, 27, 28).
An example can be found in the work of Strohl
and Larkin (33). They reported that 30 of their
32 strains grew poorly on mineral medium (pre-
sumably containing agar) when acetate ranged
in concentration from 0.1 to 500 mg/liter. The
same medium supplemented with 300 mg of
sodium sulfide per liter supported good growth
of all strains. It is difficult to determine whether
this type of observation supports the concept of
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mixotrophic utilization of reduced sulfur com-
pounds or the postulated function discussed in
the next paragraph.

In addition to the possible functions of H,S or
S° granules or both in mixotrophic or auto-
trophic metabolism, a third function of the re-
duced sulfur compounds has been suggested by
Burton and Morita (5). They worked with a
strain of Beggiatoa sp. which proved to be cat-
alase negative and found that its growth in com-
plex organic media was greatly enhanced when
filter-sterilized catalase was added. A 24-fold
increase in wet weight was noted when com-
pared with a control flask containing denatured
catalase. They theorized that in the absence of
catalase, sulfide oxidation at localized sites of
peroxide production might result in peroxide
destruction and growth stimulation. Since the
initial findings of Burton and Morita, all strains
of Beggiatoa species tested have been found to
be catalase negative (33). Thus, the potential of
reduced sulfur compounds to substitute for cat-
alase function becomes significant.

A number of subclones of Beggiatoa (B. cf.
leptomitiformis) strain OH-75-B have been iso-
lated which are capable of depositing S° from
either thiosulfate or sulfide (20). This previously
undiscovered metabolic flexibility makes it eas-
ier to explore the utilization of sulfur in Beggia-
toa species. Compared with sulfide, thiosulfate
is easier to supply in known quantities. It is not
nearly so poisonous, and it does not have the
undesirable property, which H,S has, of combin-
ing rapidly and spontaneously with oxygen (12).
This strain of Beggiatoa sp. was used to examine
the ability of sulfide, thiosulfate, and the resul-
tant S° granules to support mixotrophic or au-
totrophic growth or both. The ability of these
reduced sulfur compounds to replace the bene-
ficial effects of catalase was explored, and pre-
liminary experiments on the possibility of anaer-
obic S° use were also undertaken.

MATERIALS AND METHODS

Throughout this study, unless otherwise noted, the
strain of Beggiatoa sp. used was OH-75-B subclone 2a
(abbreviated, clone 75-2a). The isolation and mainte-
nance of this strain were on a thiosulfate-containing
medium with only NTA (nitrilotriacetic acid, a chela-
tor), agar (Difco Laboratories), and organic impurities
in agar as possible sources of organic carbon (20). A
year after the isolation of OH-75-B, a number of other
clones of Beggiatoa sp. (OH-763-B, OH-765-B, and
OH-766-B) were isolated from the same environment
and in the same fashion. The most striking difference
between the subclones of OH-75-B and the more re-
cently isolated clones is the fact that only the sub-
clones of OH-75-B deposit characteristic granules of
S° when presented with thiosulfate as a reduced sulfur
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source. Periodically, however, it was desirable to em-
ploy a control strain for experiments on thiosulfate
utilization, and clone 763 was chosen.

Many of the experiments used flasks on shakers for
determining growth yields and rates as previously
described (20). Unless stated otherwise, this replicate
flask method was employed for growing inoculation
cultures as well as for performing experiments. How-
ever, when special gas mixtures or large culture vol-
umes were desired, bubbler vessels were employed
(Fig. 1). The vessel contained 400 ml of appropriately
supplemented medium which was mixed by the flow
of bubbles from the bottom of the vessel. Gas mixtures
from one or two sources were first passed through
sterile cotton filters and then admitted into a hu-
midifying flask. If two mixtures were employed simul-
taneously, the relative proportions were quantified
approximately by counting the bubbling rates at both
in-flow tubes in the humidifier flask. Sampling was
performed by use of a sterile syringe which was at-
tached to a Luer Lock fitting at the upper end of a
sampling tube. The sampling tube extended from near
the bottom of the bubbler vessel through the plastic
cap and terminated in the fitting. The Nalgene cap
fitted loosely over the vessel, allowing gasses to escape
around the edges, and the slight positive pressure was
usually sufficient to prevent contamination through
this gap. The whole apparatus could be autoclaved.

Some experiments required a medium lacking sul-
fate ions and other forms of sulfur. To that end, the
following medium (medium NC) was devised by mod-
ification of “medium-C” of Sheridan and Castenholz
(29): 1.00 liter of distilled water; 0.10 g of nitrilotriacetic
acid; 0.50 ml of trace element solution [1.00 liter of

bubbler vessel

with sampler
w €«
_ [ Ppate
\Zé) 32°C
L
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distilled water-3.0 ml of concentrated HCI-2.0 g of
MnCl;-4H;0-0.50 g of Zn(NOs);-6H;0-0.50 g of
H3B0;-0.025 g of CuCl,-2H,0-0.026 g of Na;MoO,:
2H,0-0.026 g of CoCl.-6H;0-0.025 g of VOSO,]; 1.0
ml of FeCl; solution (0.29 g/liter); 0.082 g of Ca(NOs),-
4H,0; 0.0080 g of NaCl; 0.103 g of KNOj; 0.69 g of
NaNO;; 0.111 g of Na;HPO,; 0.103 g of Mg(NOs);.
6H;0; 0.100 g of CaCl,-2H;0; and 0.120 g of NH NOs.
The pH was adjusted to 7.0 with NaOH before auto-
claving. This medium is essentially our medium A (20)
modified by replacing sulfate salts with equivalent
nitrate salts.

S° was extracted from cells by a modification of the
procedure of Doemel and Brock (7). The method is
based on the fact that S° can be quantitatively ex-
tracted from dried material by carbon disulfide. The
details of the procedure are given below.

After the dry weight of the Beggiatoa material had
been determined (20), filters containing known
amounts of Beggiatoa sp. were placed in screw-capped
test tubes containing 10 ml of spectral-grade CS,. The
tubes were sealed tightly with Teflon-lined caps, and
the filters were extracted at room temperature for at
least 12 h with vigorous shaking. The CS; was then
removed to clean test tubes, and the filters were ex-
tracted again for 12 h with additional 5-ml volumes of
CS;. The extracts were added to the first ones, and
the CS; was evaporated by passing a stream of filtered
air over the liquid. This left a dried residue containing
the extracted S°. To assay the S° in a single tube, the
residue was dissolved in 3 ml of ligroine (practical
grade; boiling point, 90 to 120°C) with vigorous shak-
ing for at least 12 h. The colorimetric procedure of
Bartlett and Skoog (3) was then employed.

&— .
3 air or
filter other
T gasses
humidifier
flask

E

F1G. 1. Bubbler vessel with sampling device. Culture vessel holds about 400 ml of medium. Medium was
bubbled with air or other gas mixtures (arrows indicate gas flow direction). When two gasses (or gas mixtures)
were employed simultaneously, a second tube into the humidifier was used. Vessel was kept at a constant
temperature (usually 32°C) by suspending it in an aquarium of heated water. Apparatus was modified when
rigorously anaerobic conditions were desired. A tightly fitting stopper (not shown) replaced the loosely fitting
Nalgene cap. An exhaust tube was added through the stopper, and the exhaust gasses were bubbled through
a sterile tube filled with a 100 mM zinc acetate-10 mM acetic acid solution. This served as a trap when testing
for sulfide evolution under anaerobic conditions. The efficacy of the trap was verified by inserting a second
trap in series with the first. Nitrogen gas used to establish anaerobic conditions in bubblers was first passed
through a tube containing copper mesh heated to 150°C to remove traces of oxygen.
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Replicate reagent blanks were constructed by ex-
tracting empty filters and treating the extracts in the
above fashion. The filters used (Nuclepore) did not
contribute significantly to the value of the blank, but
the CS; did. Different brands of spectral-grade CS.
made significant but acceptable contributions to the
value of the blank, whereas the use of reagent grade
CS; gave excessive background values. To construct a
standard curve, known amounts (in the range of 5 mg)
of precipitated sulfur (Mallinckrodt, USP grade) were
dissolved in 100-ml quantities of ligroine. Various di-
lutions of these standards were then treated by the
above-described methods.

Analysis for sulfate was performed by a slight mod-
ification of the turbidometric procedure found in
Standard Methods (2). Our procedure used 2.5 ml of
a 30% (wt/vol) BaCl, solution instead of crystals.
Turbidity was monitored at 420 nm in a spectropho-
tometer (Gilford-modified Beckman DU). The stand-
ard curve was nonlinear and could not be extended
above 40 mg/liter (0.4 mM). Thiosulfate appears to
interfere with sulfate analyses of both the turbidomet-
ric and gravimetric types. In addition to interfering
with the above method, it was also found to interfere
with the methods of van Gemerden (34) and Gleen
and Quastel (9). No simple correction factor or extrap-
olation method could be devised to make the sulfate
analysis employed trustworthy in the presence of thi-
osulfate. For 0.2 mM sulfate, concentrations of thio-
sulfate less than 0.02 mM did not interfere signifi-
cantly.

Determinations of thiosulfate concentrations were
made by the method of Sorbo (32). Soluble sulfide was
measured by the method of Pachmayr as reported by
Castenholz (6).

Incorporation of ['“Clbicarbonate by Beggiatoa sp.
was determined with cells grown in medium A supple-
mented with 3.7 mM acetate or various combinations
of acetate (0.74 to 7.4 mM) and thiosulfate (0.40 to 4.0
mM). Cells were concentrated by centrifugation and
resuspended in 50 ml of medium A. This process was
repeated twice more, with the final resuspension begun
in sufficient medium to provide 8 ml of Beggiatoa
mixture per incubation vial. Dry weights of the con-
tents of replicate vials were determined, and the range
for the various experiments was 5 to 50 ug/ml. Uptake
experiments were performed in 11-ml screw-capped
vials with the concentrations of the bicarbonate, ace-
tate, thiosulfate, sulfide, and ascorbate solutions ad-
justed so that the additions to the Beggiatoa sp. of
the various combinations tested yielded a final volume
of 10 ml. The resuspended Beggiatoa mixture was
aerated for about 10 min before apportioning it into
the incubation vials. The incorporation experiments
were initiated by the addition of [*CJNaHCO; (20
pCi/ml, 0.100 uCi/pg; New England Nuclear Corp.) to
a final specific activity of 0.20 uCi/ml. The vials were
incubated at 32°C for 0.5 to 3 h, and the experiments
were terminated by the addition of 0.4 ml of Formalin
to each vial.

The contents of each vial were collected on a sepa-
rate filter (Schleicher and Schuell, Selectron; 0.45-um
pore size), with an acid wash after the filtration step.
The filters were glued to steel planchets, and when
dry, the activity of each sample was counted on a thin-
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window, low-background, automatic planchet counter
(Nuclear Chicago, model 4342 with scaler/timer). The
efficiency of the counter was determined by a barium
carbonate precipitation method (35) and was found to
have a value of 6.70%. A standard “C polymer disk
(1.3 uCi/g; Amersham Corp.) was counted with the
samples from every experiment. This made it possible
to correct for slight changes in counting efficiency
from day to day.

The method of Vollenweider (35) was employed to
convert counts per minute (corrected for efficiency of
counting) to units of milligrams of carbon fixed per
hour per milligram of cell (dry weight). The total CO.
in replicate incubation mixtures (with distilled water
substituted for additions of acetate) was determined
by a potentiometric method (10).

Methods and materials not specifically discussed
above, such as composition of other media, addition of
carbon sources and catalase, initiation of growth ex-
periments, and determinations of growth rates and
yields have been described previously (20).

RESULTS

Qualitative observations: sulfur gran-
ules and growth. Clone 75-2a was capable of
growth on medium A agar which contained no
organic compounds other than NTA and those
present in Difco agar (20). In fact, stock cultures
of similar clones have been maintained on this
medium at room temperature with monthly
transfers for 5 years. Experiments were under-
taken to determine whether clone 75-2a was
growing on trace impurities in mineral-agar me-
dium (medium A). Though not conclusive, the
results suggested that this was the case (D. C.
Nelson, Ph.D. thesis, University of Oregon, Eu-
gene, 1979).

If sodium thiosulfate (0.40 or 2.0 mM) was
added to medium A agar, the Beggiatoa fila-
ments became filled with granules of elemental
sulfur (20). That these granules were S° was
supported by a number of observations which
matched perfectly with published criteria for
identifying S° granules (30). Evidence included:
(i) the granules in Beggiatoa sp. were highly
refractile when viewed with phase-contrast mi-
croscopy and had a dark ring around the periph-
ery when bright-field optics were employed; (ii)
the granules did not stain with Sudan Black B;
(iii) they were produced only when the cells were
exposed to sulfide or thiosulfate; and (iv) they
could be extracted and recrystallized from wet
cells with pyridine.

These S° granules did not reach their maxi-
mum concentration inside the cells until the agar
surface was completely covered by Beggiatoa
sp.; this occurred about 1 week after an agar
plate was inoculated with a central streak. The
S° granules seemed to remain at about the same
size and frequency as long as the filaments re-



144 NELSON AND CASTENHOLZ

mained intact on the agar medium (4 to 6 addi-
tional weeks). When viewed macroscopically,
growth on medium A agar supplemented with
thiosulfate appeared more luxuriant than
growth on the equivalent medium lacking thio-
sulfate. However, when viewed at X30 on a
trans-illuminated dissecting microscope, both
types of plates appeared to contain about the
same density of filaments. The illusion of greater
growth on the plates containing thiosulfate was
apparently due to the increased opacity of the
filaments containing S°.

Yield increment due to sulfur deposition.
Clone 75-2a behaved like a classical Beggiatoa
sp. strain, depositing granules of S° when sup-
plied with soluble sulfide in the presence of air
(Fig. 2). For this experiment, 250 ml of station-
ary-phase culture grown on 3.7 mM acetate was
concentrated about 10-fold by centrifugation
and added to approximately 400 ml of medium
A contained in a bubbler vessel. A sterile sample
of a sodium sulfide solution was added to the
vessel at h 17, and the concentration of sulfide
in the vessel was monitored at frequent intervals
thereafter. Total filterable dry weight and the
percentage of that dry weight represented by S°
were also measured over the course of the ex-
periment. Microscopic examination showed that
sulfide addition caused S° to be deposited both
within and outside the cells, but it also caused
significant lysis (Fig. 2). To quantify the per-
centage of cell weight which was attributable to
“internal” S° granules in this experiment, it was
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necessary to take advantage of the habit of Beg-
giatoa sp. of growing in tufts several millimeters
in diameter (20). These tufts were taken up in a
Pasteur pipette and passed through several
rinses of liquid medium to free them from exter-
nal S° granules. The percentage of S° contained
in these tufts was then determined in the usual
manner. At a maximum, S° represented more
than 20% of the total cell weight.

In contrast to the above results, when clone
75-2a was grown in medium containing thiosul-
fate and acetate, S° granules were found within
the cells almost exclusively (except in senescent
cultures). When grown in liquid medium A con-
taining 3.7 mM acetate and 2.0 mM thiosulfate,
this clone deposited internal granules of S°
which accounted for 21% of the dry wei§ht ina
stationary-phase culture. When this S° incre-
ment was subtracted, the remaining dry weight
compared very closely with a yield of 81.5 mg/
liter for growth on the same medium (3.7 mM
acetate) without thiosulfate. These data are pre-
sented along with comparable data for yields on
(i) a different concentration of acetate with and
without thiosulfate and (ii) acetate plus malate
with and without thiosulfate (Table 1). For the
three organic substrate-thiosulfate combina-
tions, the percentage of dry weight attributable
to S° ranged from 21 to 27%. In all cases, the
observed yield on the organic substrate alone
compared very well with the yield on the same
substrate(s) plus thiosulfate if the S° contribu-
tion was subtracted.

S or S° (mg/l)

s
o~
o

Cell Dry Wt (mg/h)

)

0 6 20

Time (hr) 0

Fi16. 2. Deposition of internal S° granules from soluble sulfide. Beggiatoa sp. used was grown in medium
A containing 3.7 mM acetate, concentrated by centrifugation, and resuspended in 400 ml of medium A (lacking
acetate) in a bubbler vessel. Sterile line air was used in the experiment. Sulfide was added at h 17 from a
sterile stock of sodium sulfide. Open circles, dry weight of cells after subtracting weight of total S°. Solid
circles, sulfide concentration. Triangles, S° determined to be internal to the cells by methods discussed in the
text. All values represent averages of duplicate samples.

40 50
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TaBLE 1. Yields in organic media with and without thiosulfate and determination of S° contributions to
yields

Yield*
Substrate Thiosulfate . Substrate + thio-  Substrate without
ul al ate concn S:l[f)strate + thno- %t;)[)slie sulfate — S° wt thiosulfate (mg/li-
sulfate (mg/liter) (mg/liter) ter)”
0.735 mM acetate 0.403 mM 21.9 (+3.0) 22 17.0 (£12) 17.1 (£3.2)
3.68 mM acetate 2.02 101 (+1.4) 21 80.0 (£1.4) 81.5 (£1.6)
3.68 mM alcetate + 2.02 190 (+32) 27 139 (£11) 137 (£17)
1.86 mM L-malate

% Yield (x confidence limit) is given.
® Separate control flasks lacking thiosulfate.

A number of other organic compounds were
tested with and without thiosulfate to determine
whether thiosulfate would significantly promote
growth in cases where the organic compound
alone was insufficient. For these experiments, no
quantification was made of the S° present in
yields with thiosulfate media. However, the in-
crease in dry weight due to the presence of
thiosulfate always showed a value close to 20%
(Table 2), which was about the value assignable
to S° when this increment was directly mea-
sured. This same percentage S° increment ap-
pears to occur even in instances in which the
organic compound tested was not capable of
supporting growth. In these cases, “yield” may
represent the result of growth on organic com-
pounds carried over, in the medium or as inter-
nal stores, from growth on medium B agar (two
transfers earlier), or it may represent utilization
of the organic chelator, NTA (see below).

Time course of S° deposition: acetate plus
thiosulfate. The time course of S° deposition
accompanying growth was studied in further
detail in medium containing acetate and thio-
sulfate. Several experiments, performed with
thiosulfate and acetate supplemented medium
NC, showed a general increase in S° and sulfate
and a decrease in thiosulfate. In those experi-
ments, the concentration of thiosulfate was ad-
justed so that all of that compound was con-
sumed by Beggiatoa sp. This adjustment was
made to facilitate measurements of the sulfate
concentrations at the ends of the experiments
by minimizing the interference due to excess
thiosulfate. The results of one such experiment
with medium containing 3.7 mM acetate and
0.68 mM thiosulfate are shown (Fig. 3). It ap-
pears that the S° deposition and thiosulfate con-
sumption did not commence until growth had
almost ceased. A more detailed study of the
exponential growth phase confirmed that there
was virtually no S° deposition during exponen-
tial growth of clone 75-2a on acetate plus thio-

sulfate medium (Nelson, Ph.D. thesis).

The value of the sulfate concentration mea-
sured shortly before thiosulfate disappearance is
fairly reliable. Given such a value and a second
reliable determination of the sulfate concentra-
tion made soon after the thiosulfate concentra-
tion became immeasurably low, it is possible to
determine the concentration of sulfate when the
thiosulfate had first disappeared. This interpo-
lation was aided by the fact that the thiosulfate
decrease was linear with time (Fig. 3). Since the
initial concentration of sulfate in medium NC
was undetectably low, all of the sulfate measured
in this experiment was presumably a result of
the metabolic activity of Beggiatoa sp.

A number of similar experiments were per-
formed at different initial concentrations of thi-
osulfate. When the resultant concentrations of
sulfate corresponding to the points where thio-
sulfate had just disappeared were plotted against
the initial concentration of thiosulfate, it was
clear that there was essentially a 1:1 molar re-
lationship between thiosulfate consumed and
sulfate produced (Fig. 4). On the other hand,
concentrations of S° at the time of thiosulfate
exhaustion were only slightly more than one-
half of the initial molar concentrations of thio-
sulfate. The stoichiometric relationship between
that concentration of S° and the initial concen-
tration of thiosulfate also seems more variable
than the ratio of sulfate produced to thiosulfate
consumed.

There is evidence (Fig. 3) that after the con-
centration of thiosulfate had become zero, the
quantity of S° in the system decreased and the
quantity of sulfate continued to increase. The
interpretation of these results (especially for the
decrease in measurable S°) is confounded by the
fact that the total dry weight in the experiment
also decreased (possibly by lysis). To explore
this matter further, cells were grown to station-
ary phase in medium NC containing 3.7 mM
acetate and 0.81 mM thiosulfate and then con-
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TABLE 2. Effect of thiosulfate on various substrate yields

Yield (mg/liter)® on: Estimation of
Supports S° contribu-
Substrate . L .
growth alone Substrate + 2 mM thi- tion to yield
Substrate osulfate (%)b
1.0 g of YE per liter® Yes 12.2 (£0.9)¢ 17.6 (£2.0) 31
1.5 g of YE per liter Yes 14.7 (£0.8)¢ 20.0 (£2.4)° 26
0.74 mM acetate Yes 17.3 (£0.2) 21.2 (£1.7) 18
4.2 mM succinate No 5.3 (£1.0) 6.9 (+£2.2) 23
Same No 4.1 (2£0.8) 5.1 (£2.7) 20
6.6 mM glycolate No 1.7 (£3.3) 2.0 (£0.9) 17
3.4 mM glutamate No 2.6 (£0.4) 3.2 (£1.6) 19
10.9 mM formate No 2.2 (£0.9) 2.7 (£1.1) 17
% Yield (+ confidence limit) is given.
b Calculated as (column 4 — column 3)/column 4.
° YE, Difco yeast extract.
4 Average of three experiments.
¢ Average of seven experiments.
T .‘- oaso

re)
]
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F16. 3. Time course of growth, consumption of thiosulfate, and production of S° and sulfate. Medium NC
supplemented with 3.7 mM acetate and 0.68 mM thiosulfate was employed in a vessel bubbled with sterile line
air. Sulfate could not be determined until thiosulfate was almost consumed (see text). All data points represent

gingle values.

centrated aseptically by centrifugation to re-
move unconsumed traces of thiosulfate. The
cells were resuspended in a bubbler vessel con-
taining medium NC with no additional organic
compounds or thiosulfate. Dry weight, sulfate,
and S° were then monitored over time (Fig. 5).
Dry weight appeared to have declined by about
20% over the course of 5 days in that experiment,
and S° declined in parallel fashion so that the
percentage of dry weight attributable to S° re-
mained steady or increased slightly. As shown
in Fig. 3, the increase in sulfate concentration
over the course of the experiment was more than
sufficient to account for the S° decrease.
Attempts to demonstrate autotrophy. A

number of additions were made to medium A
under aerobic and semiaerobic conditions in at-
tempts to demonstrate any hidden autotrophic
abilities of clone 75-2a. Various combinations of
thiosulfate, catalase, vitamins, and bicarbonate
were used in medium A, usually with control
experiments lacking thiosulfate. The results of
these studies argue against autotrophic growth
of clone 75-2a (Table 3). As may be seen from
these experimental summaries, very small yields
obtained under these conditions were probably
due to the presence of the organic chelator,
NTA, in the medium. NTA supports the growth
of some bacteria (11). Any yield increments due
to the addition of thiosulfate or catalase were
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FiG. 4. Relationship between S° and sulfate pro-
duced and thiosulfate consumed by Beggiatoa sp.
Results are from experiment of Fig. 3 and similar
time course experiments with different initial concen-
trations of thiosulfate. S° and sulfate were deter-
mined at the time when thiosulfate had just disap-
peared. Dashed line represents a 1:1 molar ratio
between sulfur species consumed and produced.

entirely consistent with enhancement of yield by
impurities in catalase (20) or by the contribution
of S° dry weight as noted earlier or both.

In spite of the fact that autotrophic growth
could not be demonstrated from growth yield
data, [*C]bicarbonate was used under a variety
of conditions to determine the amount of carbon
“fixed” per hour per milligram of Beggiatoa sp.
This figure was then converted to the percentage
of existing cell carbon fixed from inorganic car-
bon per hour (Table 4), with the assumption
that about 50% of the dry weight of cells is
carbon (19). The maximum hourly increment of
1.7% came from an experiment with exponential-
phase cells grown in a medium containing 0.74
mM acetate and 4.0 mM thiosulfate. For that
experiment, the hourly increment was essen-
tially maximal, regardless of whether thiosulfate,
acetate, or nothing was added to the incubation
vial, but was severely depressed for aerated cells
in the presence of sulfide. Experiments with
stationary-phase cells always gave values of less
than one-half of the maximum value for log-
phase cells. Maximum uptake for stationary-
phase cells always occurred in incubation vials
supplemented with acetate.

As a control, clone 763 (a strain of Beggiatoa
sp. which deposits S° from sulfide but not from
thiosulfate) was tested for [**C]bicarbonate up-
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take. Cells from log phase, grown in medium A
plus 3.7 mM acetate, gave a maximum hourly
increment from inorganic carbon of 1.6% with
the same concentration of acetate. Values in
unsupplemented medium or medium containing
only thiosulfate were only slightly less, but as
before, uptake in the presence of sulfide was
severely depressed.

For clone 75-2a, a number of incubation con-
ditions were examined in time course experi-
ments to determine whether “C uptake was
linear with time. In some cases, saturation of
incorporation occurred within 2 h. A cause of
saturation could not always be determined be-
cause the number of controls was limited for a
given experiment; however, whenever such an
assignment could be made, saturation of *C
incorporation correlated with the depletion or
lack of acetate.

Anaerobic metabolism and the reduction
of S°. In preliminary experiments, Beggiatoa sp.
was grown aerobically under conditions which
caused the cells to fill with S° granules (acetate
and thiosulfate present), and the effects of sub-
sequent transfer of these cells to anaerobic con-
ditions were studied. Large quantities of cells
transferred to rigorously anaerobic conditions in
bubbler vessels containing medium A supple-
mented with 3.7 mM acetate increased in dry
weight by a factor of 2.5, an increase which was
about one-fourth of that which would have re-
sulted from aerobic growth on the same amount
of acetate. This dry weight increase was fairly
continuous over a 5-day period at 32°C. Controls
lacking acetate showed significant lysis and a
loss in dry weight over the same 5-day period.
S-filled cells incubated anaerobically in acetate-
containing medium appeared to loose much of
the stored sulfur by day 5. Concomitantly, sul-
fide was produced and was collected by a zinc
acetate trap connected to the exhaust hose from
the bubbler vessel. The amount measured ac-
counted for about 20% of all of the S° present in
the cells at the start of the anaerobic incubation.

In experiments with S°-loaded cells in acetate-
containing medium, increases in dry weight did
not occur beyond about 5 days under anaerobic
conditions since cell lysis then became pro-
nounced. Beggiatoa sp. lacking S° granules
showed some gain in dry weight when trans-
ferred into anaerobic conditions in acetate-con-
taining medium, but the yield increment was
only about one-half as great as that of S°-con-
taining cells incubated under similar conditions
(unpublished data).

Reduced sulfur compounds and catalase.
It has been suggested (5) that sulfide or S°
oxidations or both served a function in Beggia-
toa sp. similar to that of the enzyme catalase—
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Fi1G. 5. Time course of S° consumption, sulfate production, and dry weight loss in a stationary-phase
culture. Cells were grown in medium NC containing 3.7 mM acetate and 0.81 mM thiosulfate, centrifuged, and
resuspended in a bubbler vessel containing medium NC (lacking organic and sulfur compounds). The vessel
was bubbled with sterile line air. Dry weight of cells includes weight attributable to S°. S° represents total
elemental sulfur collected on the filter; however, at first two sample times, internal S° was also determined
and found to account for all of the S°. Error bars represent the range of duplicate determinations. Where no
bars are visible, range was less than width of data symbol.

decomposition of harmful peroxides. In testing
this with clone 75-2a, it was discovered that
catalase itself probably had no influence on
growth yields in a variety of media tested (20).
However, in certain media, catalase greatly de-
creased the growth lag and possibly increased
growth rate. In medium A with 1.5 g of yeast
extract per liter, the addition of catalase (20
Sigma units per ml [20]) to medium inoculated
with blended filaments of Beggiatoa sp. at about
1% of their final yield resulted in full yields much
more rapidly than occurred in cultures contain-
ing no catalase. Thiosulfate (2.0 mM) reduced
the lag almost as much (Fig. 6). It was clear that
catalase or thiosulfate greatly reduced the lag
time for growth when these small inocula were
used. The exponential growth rates also seemed
slightly higher (Nelson, Ph.D. thesis).

If the inoculum for a similar experiment was
grown for several days on medium containing
thiosulfate in addition to yeast extract, the in-
oculum contained cells full of S° and probable

traces of thiosulfate. Much of the lag for growth
on medium A plus 0.15% yeast extract (control
flasks) was then eliminated (Table 5). Even if
the inoculation culture was rinsed twice in sterile
medium A to remove the traces of thiosulfate,
most of the lag was still eliminated when growth
took place on yeast extract medium lacking thi-
osulfate and catalase (Table 5). Finally, the ad-
dition of both thiosulfate and catalase to me-
dium containing 0.15% yeast extract produced
growth patterns identical to those of catalase
addition alone.

Clone 75-2a, growin% on yeast extract and
thiosulfate, deposited S° during the exponential
phase at a rate parallel to growth (Nelson, Ph.D.
thesis). This is in contrast to medium containing
acetate and thiosulfate, in which no S° deposi-
tion occurred until growth had essentially ceased
(Fig. 3). Unlike the experiments with yeast ex-
tract, the growth pattern from small inocula in
acetate-containing medium was unaffected by
catalase or thiosulfate (Table 5).
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TABLE 3. Summary of experiments exploring autotrophic possibilities of clone 75-2a

Vessels Medium tested Gasses Control medium Results
Flasks .. .... A + S0 (04and 4  Air A Yield poor. No difference except as
mM) attributable to S° weight.

Flasks ... .. A + 2 mM S;0;72 Air A Yields poor, but does grow up to
level of previous transfer from 1%
inoculum through four serial
transfers. Yields in controls about
the same as with thiosulfate.

Flasks ...... A (without NTA)* +  Air None No filaments found after four serial

2 mM S;0; transfers with 1% inoculum.
Flasks ...... A + additional NTA  Air A Yields poor, but increment due to
NTA addition.
Flasks ... ... A+07mM Air Test without  Yields poor. No differences except
bicarbonate + 2 S,04% as attributable to S° weight
mM S,05* increment.

Flasks ...... A + 2 mM S,0:* + Air A Yields poor. Differences slight and
catalase (20 Sigma consistent with S° deposition and
units per ml) catalase impurities (20).

Bubblers .... A+ S0 (2and 10  Air-CO, None No growth.
mM) + 10 mM (99:1)
bicarbonate

Bubblers .... A+ 2mM S;0:* + Nz-air-CO;  Test without  Yields poor. Vessel with thiosulfate
10 mM bicarbonate (89:10:1) S:05% had typical 20% more Beggiatoa
+ vitamins® + sp. weight, probably assignable to
catalase (40 Sigma Se.
units per ml)

2 Medium A (without NTA) requires that D medium stock (20) be made omitting NTA, sodium chloride, and
calcium sulfate. Using this stock, proceed as for making medium A but add calcium chloride and sodium chloride
from separate sterile stocks after the medium is autoclaved.

b Several vitamins were added according to Scotten and Stokes (28). In addition, B2 (0.5 mg/ml) and thiamine
(0.0025 mg/ml) were added.

TABLE 4. Maximum hourly increment in cell carbon attributable to [**C]bicarbonate uptake for various
incubation conditions (temp = 32°C)

Increment (%) in cell carbon with additions to experiment vials

Growth phase of Acetate 2.0 mM Sulfide
incubated cells® None 2 mlgl 10 mM S;05°” +
8,0, S0 3.7mM
? s 3.7mM 18 mM acetate  0062mM 031 mM
Exponential 1.6 1.7 14 0.44 0.22
Stationary 0.20 0.25 0.37 0.70 0.59 0.66 0.25 0.18

° Incubated cells were recently harvested from growth on medium A containing various concentations of
acetate (with and without thiosulfate). Cells had been grown at 32°C. The entries in the table represent the

highest values from a number of experiments using cells grown on different combinations of acetate and
thiosulfate. k

DISCUSSION to the reduction of the other. It is the simplest

model consistent with the stoichiometries be-

The model shown below accounts for the gen- tween thiosulfate consumed, sulfate produced,
eration of S° and sulfate from thiosulfate, with and S° granules produced, assuming the involv-
the oxidation of one of the sulfur atoms linked ment of oxygen. Similar mechanisms for thio-
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F1G. 6. Effect of thiosulfate or catalase on yeast extract-supported growth. Experiment was initiated with
small, equal inocula of Beggiatoa sp. in replicate flasks. Inoculation culture was grown in medium A
supplemented with 1.5 g of yeast extract per liter. Experiments used the same medium unsupplemented
(squares) or supplemented with 2.0 mM thiosulfate (circles) or 20 Sigma units of catalase per ml (triangles).
A circle around a data symbol indicates that duplicate flasks were harvested. All other points represent

single values.

sulfate utilization have been proposed for Thio-
bacillus sp. (1, 15) and for Chromatium sp. (31).

N - — SOqz_

1/2 02 + S:04°_

\ S — 5 (Y)

There are undoubtedly a number of interme-
diates between thiosulfate and sulfate, as indi-
cated by the multiple arrows. However, the 1:1
molar relationship between sulfate produced
and thiosulfate consumed (Fig. 4) implies that
these intervening reactions are rapid and with-
out substantial accumulation of intermediates.
On the other hand, the smaller proportional
representation of S° in the same figure indicates
a significant accumulation of (Y) to account for
the deficiencies. If the above model is correct,
(Y) cannot represent sulfate, but it may repre-
sent an intermediate in the conversion of S° to
sulfate. (Y) may also represent a form of S°
which is not retained by the filtration step (0.2-
pm pore size) which precedes quantification.
There are two lines of evidence supporting the
idea that some S° could have gone undetected
in this analysis. (i) newly formed sulfur granules
are small enough that, if released from cells,
they could pass through such a filter. (ii) Pfenni
(23) cites evidence that biologically produced S
can exist in a “soluble form” without the ap-
pearance of S° granules.

It would appear that regardless of whether
(Y) represents lost S° or some other chemical
species, a significant amount of S° is eventually

converted to sulfate as well (Fig. 3 and 5). Sig-
nificant cell lysis in those experiments, however,
made it difficult to determine whether the oxi-
dation of S° was biologically mediated.

Energetically, the deposition of S° from thio-
sulfate is not likely to be a costly process. Since
growth yields on media containing organic sub-
strates and thiosulfate (when corrected for the
weight of the S°) were identical to yields on the
corresponding organic controls (Table 1), the
energy involved in S° deposition must be negli-
gible.

Autotrophy. It should be noted that the re-
sults of Keil (14) are the only data which seri-
ously support the contention that Beggiatoa sp.
can grow autotrophically. His assertion that
Beggiatoa sp. would grow autotrophically in the
presence of ammonium but not nitrate ions is
curious, since no other culture of Beggiatoa sp.
grown on a defined carbon source has been found
with such a requirement, but this does not in-
validate his results. The findings of Winogradsky
(36, 37) and Kowallik and Pringsheim (16), be-
cause of the flaws already discussed, do little to
prove that Beggiatoa sp. is a potential auto-
troph.

There is no evidence in this study to support
the notion that clone 75-2a is capable of auto-
trophic growth, using reduced sulfur com-
pounds. There is considerable evidence against
such a possibility, including the results in all of
the "C uptake experiments (Table 4) and the
evidence discussed below. However, there are
several reasons why the general question of Beg-
giatoa autotrophy must be left open. First, the
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TABLE 5. Relative ability of S° and thiosulfate to
mimic catalase relief of time lags in yeast extract-

supported growth®
Growth lag (h)
With
Medium of inoculation culture added 1
thiosul- n contro)
flasks®
fate (2.0
mM)®
A + 0.15% yeast extract .. .. 26 128
A + 0.15% yeast extract + 2.0
mM thiosulfate ...... ... . 7 12
A + 0.15% yeast extract + 2.0
mM thiosulfate (rinsed)? 7 27
A + 3.7mM acetate ....... 0 0

2 The first row of entries are from the experiment
shown in Fig. 6. The rest of the information is from
three related experiments.

% Lag is measured relative to flasks containing me-
dium A, catalase (20 Sigma units per ml), and the
same organic carbon source and concentration as the
inoculation culture. Catalase-stimulated growth re-
quires a certain amount of time to reach a dry weight
value equal to 26% of its maximum. Lag is defined as
the additional time it took for cultures in which the
catalase had been eliminated or replaced by thiosul-
fate to reach that same yield. The 26% value was
chosen because the cells for all parts of the four
experiments were in exponential growth phase at that
point.

¢ Control flasks contained the same organic com-
pound as the inoculating culture (at the same concen-
tration) but lacked thiosulfate and catalase.

9 Experiment identical to that of previous row ex-
cept that the inoculation culture was twice centrifuged
and rinsed in sterile medium A just before the replicate
flasks were inoculated.

experiments of Keil (14) contain a strong, un-
stated note of caution, since he claimed auto-
trophic growth for his strain only under a very
restricted and undefined range of gas mixtures.
None of the more recent studies (5, 8, 26-28, 33)
showing negative results were as thorough as
Keil’s in exploring the ranges of environmental
parameters. Their negative results may be ex-
plained by postulating that their strains were
perhaps capable of facultative autotrophy but
not under the conditions employed. A second
reasonable explanation for the failure of all re-
cent studies to detect autotrophic growth in
Beggiatoa sp. is that there may be distinct au-
totrophic and heterotrophic strains (5). The ap-
pearance of only the latter type in all recent
studies would be reasonable since these strains
were enriched for and/or isolated on organic
media. The clone employed in this study was
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isolated on a medium (20) which contained thi-
osulfate and very low concentrations of organic
compounds (traces in the agar, plus the chelator,
NTA). Thus, clone 75-2a was isolated under
conditions which were probably more selective
for autotrophic Beggiatoa sp. than any other
culture conditions employed within the last 50

ears.

The [“C]bicarbonate incorporation data for
clone 75-2a seem to argue against an autotrophic
metabolism. The maximum uptake rate re-
corded (1.7% cell carbon added per h) corre-
sponds to a doubling time of about 41 h. That
rate is not far out of line with the observation
that enrichment cultures of “autotrophically”
grown Beggiatoa sp. had doubling time of ap-
proximately 1 day (36). However, incorporation
rates very close to 1.7% per h were also obtained
with clone 763 or clone 75-2a grown and tested
in acetate medium lacking a reduced sulfur
source. The maximal rates of bicarbonate incor-
poration with clone 75-2a were only observed in
cells which had been in exponential growth
phase on acetate medium just before the uptake
experiments were initiated.

Stationary-phase cells, full of S° and with their
organic substrates exhausted, are cells which one
might expect to show autotrophic growth. These
cells, however, invariably showed lower incor-
poration rates than did rapidly growing cells,
and the rates again appeared to be dependent
on the presence of acetate in the medium. Cells
showing maximum [“C]bicarbonate uptake

-rates (1.7% per h) had, just before those experi-

ments, been growing with a doubling time of 7
h (10.5% per h) in acetate medium (32°C). Thus,
[“C]bicarbonate uptake represents, at maxi-
mum, about 16% of the total carbon incorporated
into the cells, and this uptake appears to be
linked to normal heterotrophic metabolism.
This rate of fixation in heterotrophically grown
Beggiatoa sp. is not surprising since a significant
number of CO. incorporation reactions are
known in obligate heterotrophs (38). Such reac-
tions are not autotrophic since the necessary
energy and reductants come from organic com-
pounds.

Mixotrophy. Our findings argue also against
mixotrophy in clone 75-2a. The strongest evi-
dence is that no combination of organic sub-
strates and thiosulfate could be found which
resulted in enhancement of the yield beyond
that accounted for by the additional weight of
S° (Tables 1 and 2). In this study, visual esti-
mates of the yields of S°-containing filaments
frequently gave evidence of mixotrophy. How-
ever, after quantitative comparisons with con-
trols, the evidence always vanished. Beggiatoa
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filaments containing S’ are much more opaque
and the tufts are “fluffier,” producing illusions
of greater quantity. Thus, previous reports of
increased yields on organic media in the pres-
ence of sulfide (all made on the basis of visual
estimates) are open to question.

Mixotrophy of Beggiatoa sp. is invoked most
commonly to explain an apparent enhancement
by sulfide of yields with acetate (26, 33). All tests
for autotrophic growth of those particular strains
were negative. It is difficult to imagine that these
reportedly mixotrophic strains are capable of
providing a substantial portion of cell carbon by
autotrophic means while still maintaining a need
for an external source of acetate. Therefore, it is
reasonable to assume that any mixotrophy in-
volved would be litho-heterotrophy. In such
mixotrophic growth, the increase in yield by the
action of a reduced sulfur compound should be
at most twofold. Cells growing heterotrophically
on organic substrates apportion only about 40%
of the organic carbon toward energy generation
(21). Hence, replacing organic energy generation
with an inorganic source would “free” enough
organic carbon to almost double the growth
yield. With that in mind, and given the problems
in visualizing Beggiatoa abundance, a quanti-
tative approach is indispensable if mixotrophy is
to be proven for Beggiatoa sp. When sulfide was
added to a medium containing low concentra-
tions of acetate, great apparent increases in
growth yield were reported (26, 33). If these
increases really do represent more than a two-
fold increase, some explanation other than mix-
otrophy must be evoked.

Possible role of S° in anaerobic environ-
ments. It is clear that some process dependent
on organic compounds (such as acetate) allows
Beggiatoa sp. to survive and increase in dry
weight for several days under rigorously anaer-
obic conditions. As noted, if cells were loaded
with S° before that anaerobic incubation, sig-
nificant S° loss and production of sulfide were
detected. Anaerobic respiration, utilizing S° as
an electron acceptor, has been demonstrated for
other bacterial types (4). Whether this anaerobic
sulfide production has metabolic significance for
Beggiatoa sp. remains to be demonstrated. For
an organism, such as Beggiatoa sp., which is
apparently forced into an anaerobic environ-
ment for a portion of every day by a negative
light response (D. C. Nelson and R. W. Casten-
holz, manuscript in preparation), the ability to
utilize S° for respiration would prove extremely
valuable. Our experiments suggest that Beggia-
toa sp. can store S° in quantities which cannot
be exhausted by even several consecutive days
of anaerobic reduction. Field and laboratory ob-
servations also suggest that Beggiatoa sp.
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spends a portion of every 24 h in aerobic condi-
tions which may allow S° replenishment.

Catalase substitute role. Prior quantitative
demonstrations of benefits of reduced sulfur
compounds to Beggiatoa sp. are lacking. The
evidence here that thiosulfate or S° can almost
completely replace the beneficial effect of cata-
lase is the first such demonstration (Fig. 6 and
Table 5). That peroxides are actually contained,
or produced, in medium A supplemented with
yeast extract has not been demonstrated spec-
trophotometrically because other compounds in
the medium absorb strongly in the same region
of the ultraviolet spectrum. Burton and Morita
(5) utilized a different yeast extract-containing
medium with Beggiatoa sp. and determined that
the concentration of peroxide-like substances
increased in the absence, but not in the presence,
of active catalase. Apparently, they did not test
soluble sulfide or thiosulfate in this fashion, even
though they postulated that sulfide could serve
the same function as catalase. Their findings and
those of others (25) argue that the peroxide-like
substances are products of Beggiatoa metabo-
lism in yeast extract medium. Since these per-
oxides seem to represent a case of autotoxicity
rather than simply a component of the medium
itself, the adaptive significance of detoxification
via reduced sulfur compounds in complex media
is emphasized.

Spectrophotometric evidence has been ob-
tained which shows that soluble sulfide can react
non-biologically with hydrogen peroxide (Nel-
son, unpublished data). This is in accordance
with the assertion that sulfide can react nonen-
zymatically with peroxides (17), and this specu-
lation has been carried a step further. Burton
and Morita (5) believed that peroxides produced
in localized areas of oxidation could react with
soluble sulfide and result in the formation of S°
granules. On the other hand, Kuenen reasoned
that it was likely that enzymes were necessary
for any potential interaction of peroxides with S°
granules (17). Data gresented here strongly sup-
port the idea that S° and peroxides can interact.

With yeast extract medium, S° granules were
deposited during the exponential phase of
growth, and they appeared to provide protection
against peroxides during that phase (Fig. 6 and
Table 5). Beggiatoa sp. in exponential growth
phase in medium A containing 3.7 mM acetate
is catalase negative (20). Since catalase did not
enhance growth on this medium (Table 5), it
appears that peroxides are not formed during
exponential growth with acetate. Perhaps sig-
nificantly, no thiosulfate oxidation (and hence
no S° deposition or oxidation) occurs during
exponential growth on medium containing 3.7
mM acetate and 0.68 mM thiosulfate (Fig. 3).
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This lack of S° deposition, in conjunction with
the apparent lack of peroxide production, sup-
ports the idea that S‘Pfleposition may be regu-
lated by some process related to peroxide for-
mation. This, however, leaves unanswered the
question of why S° is deposited after cessation
of growth on acetate. Perhaps, some metabolic
change accompanying the end of exponential
growth (such as the oxidation of poly-B8-hydrox-
ybutyrate granules) results in the production of
peroxides, which in turn triggers the deposition
of S° granules.

Finally, why do cells in yeast extract medium,
lacking catalase, thiosulfate, and S° (Fig. 6),
eventually begin exponential growth? For many
hours there was no growth at all, but once a few
very small tufts had formed, growth proceeded
rapidly. The microenvironment inside a tuft is
probably quite different from that in the rest of
the culture, and this more anaerobic environ-
ment would provide some protection against
peroxides or peroxide formation. If true, the long
growth lag in these control flasks would repre-
sent the time necessary for the random encoun-
ters that eventually produce aggregations large
enough to protect the majority of the filaments
within them. This hypothesis is in concordance
with the other available data. The controls in
medium A plus 0.15% yeast extract, when inoc-
ulated with filaments containing S° granules,
showed a much shorter lag than those lacking
S° (Table 5). The amount of S° in the filaments
presumably afforded protection sufficient to al-
low some growth and tuft formation before ex-
haustion of these internal stores. At that point,
it is again postulated that the environment of
the tufts provided protection against peroxides.
The significance of aggregations of bacteria as
an adaptation for dealing with oxygen toxicity
has been commented on previously (24).

Beggiatoa filaments are frequently found sin-
gly as well as in large aggregations in the field
(13). The possible protective function of the
tufts, therefore, does not rule out an additional
need for protection of single filaments by re-
duced sulfur compounds. It has been stated that
the development of protection against toxic ef-
fects of oxygen (such as peroxide reactions) was
a necessary evolutionary step for all organisms
in order to live in an aerobic environment (24).
It is possible that two of the most interesting
features of Beggiatoa—the ability to metabolize
reduced sulfur compounds and the tendency to
grow in tufts—may represent unique ways of
dealing with oxygen and its products.

ACKNOWLEDGMENTS

This work was supported by National Science Foundation
grants to RW.C.

USE OF SULFUR COMPOUNDS BY BEGGIATOA SP.

153

We thank W. R. Sistrom for valuable suggestions and
criticisms.

LITERATURE CITED

1. Aleem, M. 1. H. 1975. Biochemical reaction mechanisms
in sulfur oxidation by chemosynthetic bacteria. Plant
Soil 43:587-607.

2. American Public Health Association. 1975. Standard
methods for the examination of water and waste water.
Washington, D.C.

3. Bartlett, J. K., and D. A. Skoog. 1954. Colorimetric
determination of elemental sulfur in hydrocarbons.
Anal. Chem. 26:1008-1011.

4. Biebl, H., and N. Pfennig. 1977. Growth of sulfate-re-
ducing bacteria with sulfur as electron acceptor. Arch.
Microbiol. 112:115-117.

5. Burton, S. D., and R. Y. Morita. 1964. Effect of catalase
and culture conditions on growth of Beggiatoa. J. Bac-
teriol. 88:1755-1761.

6. Castenholz, R. W. 1976. The effect of sulfide on the
bluegreen algae of hot springs. I. New Zealand and
Iceland. J. Phycol. 12:54-68.

7. Doemel, W. N,, and T. D. Brock. 1976. Vertical distri-
bution of sulfur species in benthic algal mats. Limnol.
Oceanogr. 21:237-244.

8. Faust, L., and R. S. Wolfe. 1961. Enrichment and culti-
vation of Beggiatoa alba. J. Bacteriol. 81:99-106.

9. Gleen, H., and J. H. Quastel. 1953. Sulphur metabolism
in the soil. Appl. Microbiol. 1:70-77.

10. Golterman, H. L. 1969. Methods for chemical analysis of
fresh waters. Blackwell Scientific Publications, Oxford.

11. Hunter, S. H. 1972. Inorganic nutrition. Annu. Rev. Mi-
crobiol. 26:313-346.

12. Jegrgensen, B. B. 1977. Bacterial sulfate reduction within
reduced microniches of oxidized marine sediments. Mar.
Biol. 41:7-17.

13. Jergensen, B. B. 1977. Distribution of colorless sulfur
bacteria (Beggiatoa spp.) in a coastal marine sediment.
Mar. Biol. 41:19-28.

14. Keil, F. 1912. Beitrage zur Physiologie der farblosen
Schwefelbakterien. Beitr. Biol. Pflanz. 11:335-372.

15. Kelly, D. P. 1968. Biochemistry of oxidation of inorganic
sulfur compounds by microorganisms. Aust. J. Sci. 31:
165-173.

16. Kowallik, U., and E. G. Pringsheim. 1966. The oxida-
tion of hydrogen sulfide by Beggiatoa. Am. J. Bot. §3:
801-806.

17. Kuenen, J. G. 1975. Colourless sulfur bacteria and their
role in the sulfur cycle. Plant Soil 43:49-76.

18. Leadbetter, E. R. 1974. Family II. Beggiatoaceae, p. 112-
116. In R. E. Buchanan and N. E. Gibbons (ed.), Ber-
gey’s manual of determinative bacteriology, 8th ed. The
Williams & Wilkins Co., Baltimore.

19. Luria, 8. E. 1960. The bacterial protoplasm: composition
and organization, p. 1-34. In 1. C. Gunsalus and R. Y.
Stanier (ed.), The bacteria, vol. I: structure. Academic
Press, Inc., New York.

20. Nelson, D. C., and R. W. Castenholz. 1981. Organic
nutrition of Beggiatoa sp. J. Bacteriol. 147:236-247.

21. Payne, W. J. 1970. Energy yields and growth of hetero-
trophs. Annu. Rev. Microbiol. 24:17-52.

22. Peck, H. D., Jr. 1968. Energy-coupling mechanisms in
chemolithotrophic bacteria. Annu. Rev. Microbiol. 22:
489-518.

23. Pfennig, N. 1978. General physiology and ecology of
photosynthetic bacteria, p. 3-18. In R. K. Clayton and
W. R. Sistrom (ed.), The photosynthetic bacteria.
Plenum Press, New York.

24. Pfennig, N. 1979. Formation of oxygen and microbial
processes establishing and maintaining anaerobic envi-
ronments, p. 137-148. In M. Shilo (ed.), Strategies of
microbial life in extreme environments. Verlag Chemie,



154 NELSON AND CASTENHOLZ

Weinheim.

25. Pitts, G., A. L. Allam and J. P. Hollis. 1972. Beggiatoa:
occurrence in the rice rhizosphere. Science 178:990-

992.

26. Pringsheim, E. G. 1967. Die Mixotrophie von Beggiatoa.
Arch. Mikrobiol. §9:247-254.

27. Pringsheim, E. G. 1970. Contributions toward the devel-
opment of general microbiology. Annu. Rev. Microbiol.
24:1-16.

28. Scotten, H. L., and J. L. Stokes. 1962. Isolation and
properties of Beggiatoa. Arch. Mikrobiol. 42:353-368.

29. Sheridan, R. P., and R. W. Castenholz. 1968. Produc-
tion of hydrogen sulphide by a thermophilic blue-green
alga. Nature (London) 217:1063-64.

30. Skerman, V. B. D., G. Dementjeva, and B. J. Carey.
1957. Intracellular deposition of sulfur by Sphaerotilus
natans. J. Bacteriol. 73:504-512.

31. Smith, A. J., and J. Lascelles. 1966. Thiosulphate me-
tabolism and rhod: in Chr tium sp. strain D. J.
Gen. Microbiol. 42:357-370.

32. Sorbo, B. 1957. A colorimetric method for the determi-

J. BACTERIOL.

nation of thiosulfate. Biochim. Biophys. Acta 23:416-
421.

33. Strohl, W. R., and J. M. Larkin. 1978. Enumeration,
isolation, and characterization of Beggiatoa from fresh-
water sediments. Appl. Environ. Microbiol. 36:755-770.

34. van Gemerden, H. 1968. Utilization of reducing power in
growing cultures of Chromatium. Arch. Mikrobiol. 84:
111-117.

35. Vollenweider, R. A. 1969. A manual on methods for
measuring primary production in aquatic environments.
Davis, Philadelphia.

36. Winogradsky, S. 1887. Uber Schwefelbacterien. Bot.
Zeitung 45:489-610.

37. Winogradsky, S. 1888. Betitridge zur Morphologie und
Physiologie der Bakterien, Heft 1. Zur Morphologie und
Physiologie der Schwefelbakterien. Arthur Felix, Leip-

zig.

38. Wood, H. G., and M. F. Utter. 1965. The role of CO,
fixation in metabolism, p. 1-27. In P. N. Campbell and
G. D. Greville (ed.), Essays in biochemistry. Academic
Press, Inc., London.



